A novel control method for a fixed-pitch variable speed wind turbine is introduced and experimental results are presented. The measured absorbed power and rotational speed, together with a look-up table for the aerodynamic efficiency, are used to estimate the wind speed reaching the turbine as well as the tip speed ratio. Thereby, the control is independent on wind speed measurements and the wind turbine itself is used as an anemometer. Tip speed ratio control is implemented by comparing the estimated tip speed ratio to a reference value and adjusting the DC voltage level accordingly. Tip speed ratio control benefits from that the aerodynamic efficiency hardly varies with changing tip speed ratio when close to its optimum value. Experimental results from a 200 kW vertical axis wind turbine are presented. The voltage from the permanent magnet generator is passively rectified and the alternating DC voltage is then inverted, filtered, transformed, and grid connected. The estimated wind speed is compared with the measured wind speed. The absorbed power when tip speed ratio control has been implemented is shown. It is concluded that the presented control method works and some future improvements are discussed.
Introduction
The use of vertical axis wind turbines (VAWTs) has increased during the last years, especially for small-scale turbines in urban environments [1] . It is also possible to scale the turbines to MW-scale to compete with the more common horizontal axis wind turbines [2, 3] . In this article, experimental results from control of a 200 kW test turbine, erected in 2010 and designed as a scaled prototype of a MW-turbine, are presented. The presented variable speed vertical axis wind turbine has a direct-driven permanent magnet generator and a full converter enabling grid connection. A first turbine prototype of 12 kW was built in 2006 and has been tested since then [4, 5] .
In conventional horizontal axis wind turbines, the gearbox, pitch, and yaw systems stand for a substantial part of the downtime [6] , parts that are omitted in the presented design. The turbine is controlled electrically by controlling the power output and rotational speed of the generator, that is, no mechanical control as described in [7] is needed. The generator can be designed for robustness and efficiency in the absence of weight and volume constraints, as it is placed on ground level. The direct-driven generator has been tested in the laboratory before being installed in the turbine [8] .
The 200 kW wind turbine has electrically controlled passive stall control substituting pitch control [9] . The passive stall control regulates the power at high wind speeds above rated speed. This article treats the speed control to accommodate for optimum variable speed operation. This innovative control strategy aims to keep the tip speed ratio at an optimum value at normal operation between start-up and rated wind speed.
The presented wind energy converter system has some unique features with respect to control. It has fixed pitch and it delivers a variable DC voltage to the inverter as it is a full variable speed turbine. The inverter is used to control the DC voltage and thereby the rotational speed of the turbine, substituting the commonly used active rectifier or DC/DC converter. The DC voltage span is large as the variable speed generator has a permanent magnet rotor and passive diode rectification.
This article demonstrates the electrical system and control strategy for the wind turbine. On-site experience has indicated differences between the wind speed measured by an anemometer, placed at hub height 100 m from the turbine, and the corresponding absorbed power by the wind turbine, even in days with a wind direction perpendicular to the line between turbine and anemometer, when it theoretically should be correlated. This was one of the reasons for implementing a control strategy that estimates the wind speed using the turbine itself, as presented in this article. The operational range during the experiments has been limited as the purpose only was to demonstrate and test the operation of the control system. The control method has been developed by analyzing experimental data and using experience from operation and aerodynamic simulations. This article presents the theory behind the control and experimental results from measurements on a wind turbine prototype.
Method
The wind turbine system
The 200 kW vertical axis wind turbine is 40 m high and has three straight blades connected to a hub by support arms, see Figure 1 and Table 1 . The turbine is rated at 200 kW at a nominal wind speed of 11.7 m/sec and at a rotational speed of 33 rpm. The turbine is not self-starting. It is instead started by running the generator as a motor as demonstrated in [10] . A drive shaft connects the turbine to the direct-driven ground-based generator. The direct-driven permanent magnet synchronous generator has characteristics presented in Table 2 [8] . The generator has a high overload capacity and operates with a small load angle to enable electrically controlled braking at all times as well as passive rectification. The turbine operates with variable speed and therefore a full converter is needed to connect to the grid. The generator is connected to a DC bus through a passive rectifier. From the DC bus, an inverter controls the power flow to the grid. The output from the inverter is filtered and a transformer steps up the voltage before grid connection. The layout of the electric system is shown in Figure 2 .
Control strategy
For a variable speed wind turbine with a direct-driven synchronous generator, the voltage varies with the rotational speed of the turbine. The voltage in one of the phases, V a , can be described as
where x el is the electrical angular frequency, k m is the peak strength of the flux linkage, h el , is the electrical angle, I a is the current, R a is the phase resistance, and L a is the phase inductance. The generator voltage is passively rectified in a six-pole diode bridge; by controlling the DC voltage, the rotational speed of the turbine can be controlled. The control of DC voltage is commonly done by either a DC/DC converter as in [11] or by an active IGBT (insulated-gate bipolar transistor) rectifier as in [12] . Thus, the goal is to control the generator voltage and at the same time boost the DC voltage to a constant level before entering the inverter. Another approach to control the DC voltage is to design a generator with a higher voltage than the grid-side voltage and thus remove the need to boost the voltage before the inverter. If the inverter modulation is used to lower the DC voltage, DC/DC and active rectifier becomes unnecessary from a control system point of view. The 200 kW VAWT considered in this article has a generator voltage that is higher than the grid voltage in the whole operating range and an in-house designed inverter control. Hence, the inverter can handle the varying DC voltage delivered from the generator. The DC voltage set point can be calculated to run the turbine in an optimal way if the wind speed as well as the relationship between the aerodynamic power coefficient, C P , and the tip speed ratio, k; the C P -k dependency, of the turbine are known. However, accurate wind measurements are difficult and costly to achieve. At the site of the 200 kW VAWT, a measurement tower with anemometers is placed 100 m from the turbine according to the international standard for C P measurements [13] . Operational experience indicates that this distance is too long to use for accurate regulation of the turbine. An error in wind speed has a large influence on the control as the relationship between power and wind speed is cubic. To circumvent this problem, an MPPT (maximum power point tracking) algorithm can be used to find the optimal operating point by iteration as done in [14] . Another solution is to use the turbine as an anemometer which has the advantage that it measures the wind speed reaching the turbine, but requires more knowledge about the aerodynamic properties of the turbine [15] . For these two methods, the anemometer in the control system is replaced by measurements of DC power and rotational speed. However, an anemometer might still be used to indicate cutin and cut-out wind speed, but it can be less accurate than an anemometer used for regulation. A control method combining MPPT with tip speed ratio control, but using the measured wind speed, is presented in [16] . The method of combined MPPT and tip speed ratio control is compared with a proposed method of optimal current given MPPT control in [17] . In [18] , several alternatives for control are reviewed with focus on dampening of vibrations. The method proposed here is not an MPPT, but focuses on keeping the tip speed ratio on a given level comparing rotational speed to estimated wind speed. Keeping the tip speed ratio at a fixed value should be an easier control strategy than torque control, which is based on a look-up table to match torque with speed.
For the 200 kW turbine, the dependence between C P and tip speed ratio has been estimated with the aerodynamic models described in [19] , see Figure 3 . This curve has not been verified and therefore the exact power-wind speed dependency, that is, the power curve, is not known. Hence, the anemometer independent method has been Table 2 . Generator characteristics at rated conditions [8] . considered to be a good solution, as otherwise both an error in wind speed and an error in C P might affect the control and alter the results. Tip speed ratio control takes advantage of the fact that the C P -k curve is quite flat close to its optimum value, so small errors in the estimated tip speed ratio should not influence the results too much. The control method used here is based on that the power absorbed by the turbine, P, can be calculated as
where q is the air density, A is the projected turbine area, and U is the wind speed. The tip speed ratio k can be calculated as
where Ω is the rotational speed of the turbine and r is the radius. The efficiency of the system from the power absorbed by the turbine to the DC bus is denoted g, that is,
where P DC is the power measured on the DC bus (see Fig. 2 ). The efficiency, g, takes into account the mechanical losses in couplings and bearings in the wind turbine, generator losses, and rectification losses. The generator losses for this specific generator are discussed in [8] . The efficiency is dependent on rotational speed and current, but does not change much for the operational range considered here. Here, the efficiency is assumed to be fairly constant. However, the decreasing generator efficiency at low wind speeds might influence results slightly, see Figures 6, 7 , and 8 in Results and Discussion section. The estimation of the tip speed ratio is based on equations (2), (3), and (4) as
and uses the turbine as an anemometer through measurements of absorbed DC power and rotational speed, see Figure 2 . In this work, g has been set to the constant value of 0.90 for simplicity. This value is lower than expected for normal operation, but is considered reasonable for the limited operational range in this study, as the generator efficiency decreases at low wind speed. However, a sensitivity analysis shows that the results are not influenced much by a small error in the estimated efficiency, see Sensitivity analysis section. The value of C P is taken from a look-up table based on aerodynamic simulations, see Figure 3 . The key to search the look-up table is the tip speed ratio calculated in the previous iteration, k tÀ1 . This method is similar to the one used in [15] , but instead of controlling the optimal torque the control is focused toward finding the optimal tip speed ratio by measuring the absorbed power. The error, e(t), between the optimal tip speed ratio, k opt , and the result from equation (5) is calculated as eðtÞ ¼ k opt À k t (6) and is used in a PID (proportional-integral-derivative) regulator described as
where K p , K i , and K d are constants regulating the proportional, integral, and derivative parts of the regulator, respectively. A new set point for the DC voltage, U DC , is calculated as
There are two reasons for using a regulator controlled by the error in tip speed ratio to set the DC voltage; a rapid step in voltage is avoided at gusty wind conditions and the influence of the current-dependent voltage drop across the generator (ÀI a R a À L a dI a /dt in eq. 1) can be avoided. The inverter is used to control the DC voltage based on the output from the tip speed ratio regulator. Hence, when the wind speed fluctuates, the absorbed power is changed, through the generator current, giving a new regulator set point in DC voltage (for large enough wind speed fluctuations). The control strategy can be divided into different parts, see Figure 4 . The start-up system accelerates the wind turbine up to about 10 rpm from where it can self-start. The turbine is then allowed to freewheel up to a rotational speed of about 15 rpm. The DC voltage is set at 520 V and at a rotational speed of about 15 rpm, the turbine can start to deliver power. The PID regulator is activated when a DC power level of 20 kW is reached and the turbine is operated at optimal tip speed ratio up to 16.8 rpm (PID 1). The present tower configuration has a critical speed around 17.5 rpm, which is avoided by implementing a jump in rotational speed in the control system across the speeds 16.8-18 rpm. Hysteresis is implemented to avoid too many jumps at wind speeds corresponding to operation around 17.5 rpm. At DC power levels below 20 kW, the turbine is operated with a constant DC voltage level of 520 V due to decreased accuracy in tip speed ratio estimation at low power level. The change in control method goes smoothly, as the tip speed ratio based control is operating at a DC voltage close to 520 V around this operating point. This smooth change from freewheeling to tip speed ratio control is not included in Figure 4 as it only represents operation around 15 rpm.
The operation of the PID regulator is divided into three regions for different power levels with slightly different parameters due to the turbine's more rapid behavior at high power. The first region (PID 1) represents low power and rotational speed between 15 and 16.8 rpm. The second region (PID 2) is for medium speed, from 18 to 23 rpm, and medium power. The third region (PID 3) is activated for DC power levels above 70 kW. The different PID parameters, used in equation (7), for the three regions can be seen in Table 3 .
Above rated rotational speed, 33 rpm, a speed limitation is activated, keeping the rotational speed below 33 rpm. For the study presented in this article, the rotational speed limit has been set to 21 rpm, see Experiments section. The rotational speed is kept constant by keeping the DC voltage constant or, when needed, decreasing the DC voltage. When rated power is reached, the control will change from tip speed ratio control to power control, keeping the power constant until cut-out wind speed, accommodated by passive stall control. The passive stall control for this turbine is demonstrated in [9] . As the wind speed increases, the turbine will vary slightly in rotational speed depending on the shape of the C P -k curve, that is, the effectiveness of the stall control. At cut-out wind speed a dump-load is connected directly at the generator terminals, braking the turbine efficiently [8] . Around the cut-out wind speed some hysteresis is implemented to avoid starting and stopping the turbine continuously at wind speeds fluctuating around cut-out wind speed. For cut-in and cut-out wind speed, 10-min sliding average values of the wind speed measured by the anemometer were used.
Experiments
The measurements, the estimation of tip speed ratio, as well as the tip speed ratio control loop were run at a NI cRIO9074 at 1 Hz, together with other control functions of the wind turbine. The anemometer (Thies Clima 4.3351.00.161, Adolf Thies GmBH & Co. KG, Göttingen, Germany) was placed in a measurement tower 100 m from the turbine at a height of 42 m. The air density used in data treatment was set at a constant value of 1.2775 kg/m 3 which is calculated from the estimated mean values of air pressure and temperature during the measurement campaign. The rotational speed of the turbine was measured by a 10-bit rotational encoder placed on the drive shaft. The DC power was measured through a current transducer (SSET CEIZ04-55E4-1.0/0-400A) and a voltage transducer (Tektronix P5200).
During the experiment, limitations of the operational range was set to be able to thoroughly test the behavior of the control system close to the limits of allowed rotational speed and wind speed. The limits were based on the wind climate at the site and are set quite low as the annual mean wind speed at the site is quite low. The goal with the experiment was to test the control strategy at variable speed and to test the operation with variable DC voltage; not to test the turbine for its full operational range. The tip speed ratio set point was set to 3.8. The limitation in rotational speed was set to 21 rpm, corresponding to a wind speed of 7.3 m/sec and a DC power of 53 kW, and the cut-out wind speed was set to 8 m/sec for the measured mean wind speed. If the rotational speed is increased above 21 rpm, the DC voltage is forced down by 4 V/sec until 20.5 rpm is reached. This is to protect the turbine from over speeding and implement some hysteresis into the control. At cut-out wind speed, the dump-load is connected. According to this operational limit, only PID 1 and PID 2 in Figure 4 are used. Cut-in wind speed was set to 3.5 m/sec and the wind tur- bine can start to deliver energy when the rotational speed has increased past 15 rpm. The wind speed estimated by the turbine is calculated from the estimated tip speed ratio and the measured rotational speed according to equation (3) . The wind speed estimation is started at a measured DC power above 20 kW as it is difficult to get a proper estimation of wind speed at lower power. The wind speed is not continuously calculated and logged by the measurement system. However, the rotational speed and the DC power are logged which makes it possible to calculate the wind speed afterward.
Sensitivity analysis
A sensitivity analysis was performed in order to analyze how sensitive the control system is for changes in the value for gC P (k tÀ1 ) from the maximum values for optimum tip speed ratio operation used here of g at 0.90 and C P at 0.38, see Table 4 . The analysis was done by varying both the efficiency, g, and the maximum C P value. The results show that even if the generator efficiency and/or the C P has been estimated wrong, the resulting error in tip speed ratio will be small, as the tip speed ratio only is affected by the error to the power of 1/3. The generator electromagnetic efficiency increases from about 94% at about 4.5 m/sec to 96% at higher wind speeds.
Results and Discussion
From the measured DC power and rotational speed, the tip speed ratio is estimated according to equation (5) . The estimated wind speed at the turbine can be found from equation (3) and (5) and is used in Figures 5, 6 , and 7. The estimated wind speed is compared with wind speed measurements from the anemometer for 8 h in Figure 5 (top figure) . The results are shown as 25-sec moving average values to increase visibility and to compensate for the distance between turbine and anemometer. The time it takes for a gust of 4 m/sec to travel the distance between anemometer and turbine corresponds to 25 sec. The estimated wind speed follows the variations in measured wind speed closely. However, the estimated wind speed is roughly 7% lower than the wind speed measured by the anemometer. The spikes in the estimated wind speed are from occasions when the absorbed power is too low for an accurate estimation or from periods when the regulator is overridden by the limit in rotational speed which releases stored kinetic energy from the turbine to the grid. Thus, a large difference between numerator and denominator in equation (5), gives a divergent behavior in the estimated tip speed ratio.
The tip speed ratio during the same 8 h of operation as above is shown in Figure 5 (lower figure) . The set point for tip speed ratio in the control system was 3.8, which is slightly lower than optimal tip speed ratio, enabling more stable operation, as we would rather operate on the left side than on the right side of the optimum operating point [9] , see Figure 3 . The mean value of anemometer measured tip speed ratio was 3.76, with a median value of 3.70 and a standard deviation of 0.57. The tip speed ratio estimated by the turbine had a higher mean value of 3.96. The standard deviation for the estimated tip speed ratio was 0.41, which is lower than if measured by the anemometer. The results show that the control system is able to control the tip speed ratio of the turbine in a satisfying way, that is, we operate at the top of the C P (k) curve in Figure 3 , also demonstrated in Figure 6 , which is the goal of this control strategy.
The estimation of tip speed ratio from equation (5) includes the term gC P (k tÀ1 ), where the efficiency, g, is set to the constant value of 0.90. The efficiency is expected to be roughly constant for the tested interval apart from at low power, where the generator efficiency decreases due to dominating iron losses [8] . Furthermore, the value for the aerodynamic power coefficient used in equation (5), taken from the simulated C P curve in Figure 3 , might differ from the C P achieved during these experiments.
Figures 6, 7, and 8 show 10-min average values for 1488 h of operational data. The estimated wind speed was not calculated for power levels below 20 kW. For those measurement points, the estimated wind speed was set to 0 m/sec and these points were included in the calculated 10-min moving average values, resulting in some average values at low wind speeds.
The behavior of absorbed power at different wind speeds is shown in Figure 6 together with the power curve based on the theoretical C P curve. Also here, a small difference is seen between the estimated and measured wind speed. The measured power curve, P DC , follows the power curve based on the theoretical C P well, as would be expected since the wind speed estimation is based on this curve. However, if the estimation would Table 4 . Sensitivity analysis for changes in gC P (k tÀ1 ). k new denotes the tip speed ratio with g and C P from the table and k est denotes the tip speed ratio for g = 0.90 and C P = 0.38. have been very wrong, it would be difficult to stay on the P DC curve and we would have larger fluctuations in absorbed power. The differences in measured and estimated wind speed could have several reasons. First, the value for gC P (k tÀ1 ) might not be correct. However, the sensitivity analyze in Sensitivity analysis section showed that this would only have a small impact on the results. However, at low power we expect the calculated wind speed to be underestimated, as the generator efficiency decreases rapidly at low power, which is visible in the red curve for low power levels in Figure 6 . Second, we might have an error in the wind speed measured by the anemometer. This would explain and confirm the good power curve fit in Figure 6 . An error in wind speed measurements could be caused by wind shear, erroneous hub height estimation, or the anemometer not being correctly calibrated. However, the constant density is not expected to be the reason as it would not give a constant error in the wind speed, as we have here.
The rotational speed is fairly proportional to the wind speed for higher wind speeds with this control strategy, see Figure 7 , which corresponds to equation (3) . The tip speed ratio regulation starts at wind speeds above 5.3 m/ sec. At low wind speeds the decreased efficiency, which has not been accounted for, might lead to an underestimation of the wind speed. This might be one of the reasons to why the curves do not follow the reference line corresponding to a tip speed ratio of 3.8 at low wind speeds. The jump in rotational speed to bypass the critical speed is clearly visible in this figure and it can be seen that a hysteresis is implemented. The same phenomena can be seen in Figure 8 , showing the power as a function of rotational speed.
In Figures 6 and 8 , it is shown that the power decreases at high rotational speeds. This is an artifact caused by hysteresis behavior around the point of maximum rotational speed, see Experiments section. At this point, the turbine is stalling at increasing wind speeds during a slow, forced deceleration of the turbine, followed by the turbine freewheeling up to the maximum rotational speed as the wind speed decreases again. The rotational energy stored in the turbine might influence the results, especially around the lower and upper limits in rotational speed [4] .
The theoretical C P curve, showed in Figure 3 and included in Figure 6 , shows the aerodynamic C P . In Figure 6 , the theoretical DC power at the turbine is compared with the measured power at the DC bus, P DC . The problem of using wind speed measurements in the control system is that a measurement error and/or effect of the large distance between turbine and anemometer will be cubic. The rpm and P DC , from equation (5), are measured directly at the turbine and is only expected to have small errors. However, in this study, a constant density has been assumed, which might influence the results slightly.
The presented control method can be improved to work even better by measuring C P . The theoretical C P (k) graph is quite wide with an optimum tip speed ratio between 3.5 and 4.2, as seen in Figure 3 . An even more wide and flat curve was measured for a 12 kW turbine of the same features [5] . By aiming at a tip speed ratio of 3.8, it can be assumed that the turbine is operated at, or close to, optimum tip speed ratio. However, the optimum C P is not known and it is therefore considered that C P has a constant error. When the exact C P curve have been measured, the values for C P (k tÀ1 ) in equation (5) can be set exactly. The suggested control strategy will then be even more exact than a control based on wind speed measurements. Furthermore, this control strategy enables a faster regulation as the wind speed is estimated instantly. The maximum power coefficient for this turbine can be found according to IEC 61400-12-1 [13] , by running the turbine at fixed rotational speeds at varying wind speeds. An alternative method could be to use the control method proposed here, including the speed-and loaddependent system efficiency, and varying C P until the power curve is maximized (Fig. 6) .
During the experiments, the DC voltage was allowed to vary between 510 and 720 V, that is, the inverter was subject to a variable DC voltage. The results show that it works to run a turbine with variable DC voltage to the inverter.
Conclusions
It has been demonstrated that the optimum tip speed ratio regulation independent of wind speed measurements works and that the tip speed ratio is controlled and kept at a desired level. The control method is independent on wind speed measurements and the wind turbine itself is used as an anemometer, measuring the actual wind speed reaching the turbine. With a measured C P , this control method could be an interesting alternative to a wind speed measurement based control method. Furthermore, the results verify that it works to run a turbine with variable DC voltage to the inverter. The estimated wind speed is slightly lower than the measured wind speed and we believe this is attributed to a small constant error in the wind speed measurements.
A long-time measurement campaign to find C P for all different tip speed ratios should be performed. Future work also includes implementing the speed-and loaddependent system efficiency curve in the control system. An alternative to the standard method, with wind speed measured at a distance [13] , to find the turbine's power curve has been proposed, where different C P values would be included in the tip speed ratio control method and the turbine run until the maximum power curve is found.
